Abstract: Peroxiredoxins efficiently remove hydroperoxides and peroxynitrite in pro-and eukaryotes. However, isoforms of one subfamily of peroxiredoxins, the so-called Prx6-type enzymes, usually have very low activities in standard peroxidase assays in vitro. In contrast to other peroxiredoxins, Prx6 homologues share a conserved histidyl residue at the bottom of the active site. Here we addressed the role of this histidyl residue for redox catalysis using the Plasmodium falciparum homologue PfPrx6 as a model enzyme. Steady-state kinetics with tert-butyl hydroperoxide (tBuOOH) revealed that the histidyl residue is nonessential for Prx6 catalysis and that a replacement with tyrosine can even increase the enzyme activity four-to six-fold in vitro. , and PfPrx6
Introduction
Peroxiredoxins are thiol-dependent hydroperoxidases (EC 1.11.1.15) [1] [2] [3] that are usually among the most abundant proteins in pro-and eukaryotes. 4, 5 In addition to their role in hydroperoxide and peroxynitrite removal, [1] [2] [3] 6 some peroxiredoxins also exert functions as redox sensors [7] [8] [9] [10] [11] [12] or chaperones. [13] [14] [15] [16] Peroxiredoxins are mechanistically classified as 1-Cys or 2-Cys enzymes based on the number of cysteinyl residues that are directly involved in redox catalysis (see and is buried in a pocket close to the N-terminus of an α-helix. During the oxidative half-reaction, this residue is oxidized to a sulfenic acid by the hydroperoxide substrate. In order to expose the sulfenic acid to a bulky reducing agent, the α-helix partially unfolds and the enzyme adopts a locally unfolded conformation. In the case of 1-Cys peroxiredoxins, the sulfenic acid reacts directly with two monothiol substrates or one dithiol substrate during the reductive half-reaction. In contrast, 2-Cys peroxiredoxins form an inter-or intramolecular disulfide bond between the peroxidatic cysteinyl and the so-called resolving cysteinyl residue. The disulfide bond is subsequently reduced by a dithiol substrate. The catalytic cycle ends with a reversal of the conformational change so that the enzyme readopts its fully folded conformation. [1] [2] [3] 17 The peroxiredoxin family can be structurally subdivided into six subfamilies. Based on the names of representative model enzymes, these subfamilies are termed Prx1, Prx5, Prx6, Tpx, PrxQ, and AhpE 2 (see also the PREX database http://www.csb.wfu.edu/prex/ for details 18 ). The Prx6 subfamily shares highest structural similarity with the Prx1 subfamily, although Prx6 homologues have a longer C-terminal extension and a conserved histidyl residue at the bottom of the active site ( Fig. 1) . 1, 2, 19, 23, 25 Many Prx6 homologues, including mammalian Prx6 and PfPrx6 from the human malaria parasite Plasmodium falciparum, are 1-Cys peroxiredoxins. 1, 2, [27] [28] [29] [30] However, intermolecular disulfides in accordance with a 2-Cys mechanism were observed for the Prx6 homologues TgPrx2 from the related apicomplexan parasite Toxoplasma gondii, 23 AmPrx6 from the sandworm Arenicola marina, 24 and ApTPx from the archeon Aeropyrum pernix. 31 for PhPrx6 from Pyrococcus horikoshii, and entries 2ZCT, 2NVL, 2E2M, and 2E2G for ApTPx from A. pernix. Structures and sequences from Prx1-and Prx5-type enzymes served as a control. Conserved active-site residues, including the Prx6-specific histidyl residue at the end of strand β3, are labeled with a triangle. The peroxidatic cysteinyl residue at the active site is labeled with 'C p
'
. Resolving cysteinyl residues are shaded in red. Two partially conserved cysteinyl residues that might interact with each other after a conformational change of strand β3 23, 24 are labeled with "C 1D? " and "C 2D? ". (B) Structure of the fully folded active site of reduced PyPrx6. 22 Active-site residues and residues C 1D? and C 2D? are highlighted. (C) Structure of the fully folded active site of ApTPx. 25 Please note the alternative histidyl conformation and the nitrogen-sulfur bond with the sulfenic acid. Furthermore, residues V76 and V125 face each other in contrast to their homologues residues C73 and C128 in panel B. (D) Structure of the sulfonic acid state of the Prx5-type gain-of-function mutant PfAOP
L109M
. 26 Please note that mutated residue M109 occupies the same position as the Prx6-specific histidyl residue in Panels (B) and (C).
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about the structure-function relationships of Prx6 homologues in contrast to other peroxiredoxin subfamilies. The conserved histidyl residue at the bottom of the active site of Prx6-type enzymes was previously hypothesized to act as an acid-base catalyst. 23 Alternatively, crystal structures of ApTPx revealed the formation of a nitrogen-sulfur bond between the imidazole side chain and the cysteinyl sulfenic acid, and this bond was suggested to play a role in Prx6 catalysis 25 [ Fig. 1(c) ]. Moreover, the conserved histidyl residue of Prx6 homologues is equivalent to a hydrophobic residue in Prx5 homologues. This residue was shown to affect the reactivity and inactivation susceptibility of the Prx5-type enzyme PfAOP from P. falciparum 26, 32 [ Fig. 1(d) ]. Here we addressed the relevance of the histidyl residue and of a partially conserved cysteinyl residue for Prx6 catalysis using recombinant wild-type and mutant PfPrx6.
Results

Prevalence and sequence analysis of Prx6 homologues
In order to analyze the prevalence and degree of conservation of Prx6 homologues and their histidyl residue, we first performed a BLAST search at https:// blast.ncbi.nlm.nih.gov/Blast.cgi and also searched the databases PREX 18 and PeroxiBase 33 for Prx6 homologues. Parallel searches with Prx1 and Prx5 homologues served as a negative control. In accordance with previous reports, 23, 27, 31, 34, 35 we found members of the Prx6 subfamily in some archaea, bacteria, protists and opisthokonts (which include animals and fungi). However, Prx6 homologues were far less prevalent than Prx1 homologues and appeared to be even absent in many prokaryotic and eukaryotic lineages, including, for example, diplomonads, trichomonads, euglenids, kinetoplastid parasites, and other excavates. In summary, Prx6-encoding genes are found in all domains of life but were frequently lost and/or acquired by horizontal gene transfer. Based on selected Prx6 homologues and available PDB structures, we subsequently generated a structure-based multiple sequence alignment [ Fig. 1  (a) ]. Structural comparisons revealed a high conformational flexibility of several active-site residues [ Fig. 1(b-d) ], including, for example, the conserved histidyl and arginyl residue (as reported previously for fully folded ApTPx 25 ). Furthermore, strand β6 can adopt alternative conformations. If these conformations are convertible, the thiol groups of two partially conserved cysteinyl residues, which are rather far apart in crystallized PyPrx6 from P. yoelii [ Fig. 1(b) ], might actually face each other and affect the peptide backbone of active-site residues H39, P40, H41, and R129 as previously hypothesized. 23 Next, we analyzed in silico whether systematic replacements of the active-site histidyl residue with small hydrophobic, polar, charged, or aromatic residues destabilize PyPrx6. No significant clashes or altered force field energies were calculated in the Swiss-Pdb Viewer for the mutants PyPrx6
decided to analyze these mutations for recombinant PfPrx6 (which is also known as Pf1-Cys-Prx 28, 30, 35 and shares a 77% sequence identity with PyPrx6).
Steady-state kinetics of PfPrx6
PFGRX6 was cloned and recombinant wild-type and mutant PfPrx6 were purified from Escherichia coli [ Fig. S1 (a)] and analyzed in a coupled spectrophotometric oxidoreductase assay with tert-butyl hydroperoxide (tBuOOH) as an oxidant as well as reduced glutathione (GSH) and P. falciparum glutaredoxin (PfGrx) as reductants. The steady-state consumption of tBuOOH and the formation of glutathione disulfide (GSSG) was monitored by the consumption of NADPH in the presence of glutathione reductase (GR). Assays without PfPrx6 served as a negative control. We compared the activity of freshly purified wild-type PfPrx6 (PfPrx6 WT ) and the histidyl mutants
WT had a very low activity that was slightly above the detection limit in accordance with previous measurements. 30 interpreted as a second-order rate constant, still reflects an extremely inefficient catalysis with tBuOOH, PfGrx, and GSH. In summary, residue H39 of PfPrx6 is not essential and a tyrosyl substitution increased the low activity of the enzyme four-to sixfold under the tested assay conditions.
Stopped-flow kinetics of PfPrx6
The common interpretation for the absent or low activity of Prx6 homologues is that these enzymes have been optimized for an unknown reducing agent. 23, 24, 27, 30, 39 However, experimental evidence supporting this hypothesis is scarce, and absent post-translational modifications or an increased susceptibility to inactivation are just two of several other hypothetical causes for an absent hydroperoxidase activity in steady-state assays. We therefore analyzed the oxidative half-reaction between reduced recombinant PfPrx6 and tBuOOH or H 2 O 2 using stopped-flow measurements. The fluorescence excitation spectra of PfPrx6 WT and PfPrx6 H39Y were highly similar despite the additional tyrosyl residue in PfPrx6 H39Y (Fig. S2 ).
Two major phases were detected based on the changes in the intrinsic tryptophan fluorescence of PfPrx6 WT (Fig. 4) . A rapid decrease in fluorescence was followed by a slower increase in fluorescence. to address the question whether the partially conserved residues C73 and C128 might indirectly affect the hydroperoxidase activity via the peptide backbone of active-site residues H39, P40, H41, and R129 as previously hypothesized 23 ( Fig. 1 ). Replacement of C128 had no significant effect on the first phase but indeed accelerated the second phase [ Fig. 4(b) ]. This was also the case for PfPrx6 H39Y [ Fig. 4(c) ]. Furthermore, the overall change in fluorescence for PfPrx6 H39Y was smaller than for PfPrx6 WT and PfPrx6 C128A . A plausible interpretation of this finding is that only a fraction of PfPrx6 H39Y adopted the fully folded conformation (see also Discussion section). The inactive mutant PfPrx6 C47A revealed no change in fluorescence and served as a negative control [ Fig. 4(d) ]. Based on the observed rate constants from exponential fits (k obs ), two hydroperoxide concentrationdependent rate constants were assigned to the reaction kinetics with tBuOOH from the slopes of the k obs plots in Figure 5 (a), one second-order rate constant for the first phase (k 1 ) and one second-order rate constant for the second phase (k 2 ) [ Fig. 6(a) . Rate constant k 1 , which we interpret as the formation of the sulfenic PfPrx6 was omitted in the negative controls. Values were averaged from three or four biological replicates. Statistical analyses were performed in SigmaPlot 13.0 using the one-way ANOVA method (*P < 0.05; **P < 0.01; ***P < 0.001).
acid, was very similar for all three enzymes ( Fig. 6 and Table I (Fig. 6 and Table I ). Thus, hyperoxidation is presumably not the cause for the very low activity of PfPrx6 in steadystate assays. The relevance of k 3 is unknown. This rate constant, which is absent for PfPrx6 H39Y , might reflect a slow conformational change or the formation of the nitrogen-sulfur bond that was observed for ApTPx [ Fig. 1(c) ]. In summary, the formation of the sulfenic acid most likely occurs with similar rates for PfPrx WT , PfPrx6 C128A , and PfPrx6 H39Y . The rapid stopped-flow kinetics with tBuOOH and H 2 O 2 support the interpretation that the reductive halfreaction is indeed the rate-limiting step under steady-state conditions.
Discussion
The increased activity of PfPrx6 H39Y indicates that the nitrogen-sulfur bond between the imidazole side chain and the cysteinyl sulfenic acid of crystallized ApTPx [ Fig. 1(b) ] 25 is not a general prerequisite for Prx6 catalysis. Furthermore, based on the activity of PfPrx6 H39Y , we can exclude histidine-dependent acid-base catalysis 23 as an essential factor for Prx6 catalysis. The increased activity of PfPrx6 H39Y raises the question why such a histidine-to-tyrosine replacement has not been selected in Prx6-type enzymes in vivo, in particular, taking into account that a tyrosyl residue instead of a histidyl residue is also found in Prx1-type enzymes [ Fig. 1(a) As suggested previously for PfAOP L109M , a gain of peroxidase activity might be coupled to a loss of another physiological function. 26 For example, if a peroxiredoxin serves as a redox sensor, it might be beneficial to stabilize the modified sensor so that redox signaling can take place. 40 Another explanation, which is based on the interpretation that the k 2 value reflects the sulfinic acid formation, is that PfPrx6 H39Y might be more prone to hyperoxidation. This might result in the accumulation of inactive PfPrx6 H39Y in vivo.
Data fitting and the interpretation of the change of fluorescence of peroxiredoxins during the oxidative half-reaction are all but trivial and has recently raised some controversy. Reversible binding of the hydroperoxide substrate was suggested to alter the fluorescence during the first phase for the extremely active Prx1-type enzyme AhpC from Salmonella typhimurium. 41 In contrast, the first phase of the Prx5-type enzyme PfAOP was assigned to the formation of the sulfenic acid. 32 We here interpreted the first phase of the oxidative half-reaction of PfPrx6 as the formation of the sulfenic acid for the following reasons: (i) Several peroxiredoxins, including an AhpC homologue from Helicobacter pylori, tend to have infinite true k cat values, suggesting that there is no real enzyme-substrate complex. 1, 5, 36, 38, 42 Once the substrate approaches the thiolate in a correct orientation, the sulfenic acid is probably instantly formed.
(ii) Indirect stopped-flow competition assays with peroxiredoxins and horseradish peroxidase revealed second-order rate constants that were very similar to the rate constants for the first phase of direct stopped-flow assays with peroxiredoxins alone. 32, 39, 43 (iii) Alanine or serine mutants of the peroxidatic cysteinyl residue should still interact with the hydroperoxide substrate, because surface and polarity of the mutant active-site pocket do not change drastically. However, no change of intrinsic fluorescence was detected when hydroperoxides were mixed with inactive Mycobacterium tuberculosis PrxQ C44S , 43 PfAOP C117S , 32 or PfPrx6 C47A [ Fig. 4(d) ]. Please note that these enzymes cover three different peroxiredoxin subfamilies suggesting that the findings might be generalized. We conclude that the first phase and rate constant k 1 rather reflect the sulfenic acid formation than reversible substrate binding. The interpretation of the second phase and of rate constants k 2 and k 3 is even more complicated and most likely depends on the investigated enzyme. In contrast to its close homologue TgPrx2, PfPrx6 has a 1-Cys mechanism 23 ,30 so that we can rule out the formation of an intermolecular disulfide bond. We can also exclude the formation of oligomers because PfPrx6 only exists in a rapid monomer-dimer equilibrium 30 in contrast to Prx6 homologues from T. gondii or hyperthermophilic archaea. 23, 31, 44, 45 Hence, we assign rate constants k 2 and k 3 to hyperoxidation and slow intramolecular conformational changes in accordance with previous stopped-flow measurements for PfAOP. 32 These interpretations remain to be scrutinized in future studies. The low enzymatic activity of most Prx6 homologues in steady-state hydroperoxidase assays was hypothesized to reflect the absence of a physiological electron donor. This hypothesis is supported by our Observed changes in fluorescence were fitted empirically with best fits for exponential curves for the two consecutive phases shown in Figure 4 . The k obs values from these fits were plotted against the corresponding peroxide concentrations. (A) Data for tBuOOH. (B) Data for H 2 O 2 . Rate constants k 1 and k 2 were obtained from the slope of linear fits of the k obs plots from the first and second phase, respectively. Rate constant k 3 was obtained from y-axis intercepts of the plots from the second phase with H 2 O 2 . All values were averaged from three or four biological replicates and are summarized in Table I .
stopped-flow kinetic data as well as previous studies with recombinant AmPrx6 that revealed absent activities with a number of reducing agents, 24 
Materials and Methods
Cloning and site-directed mutagenesis
Gene PFPRX6 (PlasmoDB annotation PF3D7_0802200) was amplified from cDNA by PCR using Pfu polymerase and primers CATGCCAT GGCTTACCATTTAGGAGCTAC (sense) and CCCG CTCGAGCATTTGAACAAATCTTAAATATGCC (antisense). The PCR product was cloned into the expression vector pET28 using restriction enzymes NcoI und XhoI. Point mutations were introduced by sitedirected mutagenesis PCR with Pfu polymerase. The non-mutated PFPRX6/pET28 template was digested with DpnI before transformation of competent Escherichia coli cells (strain XL1 Blue) and subsequent selection on kanamycin-containing agar plates. Correct sequences for wild-type PFPRX6/pET28 and mutant PFPRX6
H39A/V/Y/N/K/D /pET28 were confirmed after plasmid minipreparation 49 by analytical restriction digests and by sequencing both strands (GATC Biotech).
Heterologous expression and affinity chromatography
The expression of wild-type and mutant PFPRX6 in E. coli strain BL21(DE3)-RIPL was induced at 37 C with 0.5 mM isopropyl β-D-1-thiogalactopyranoside at an OD 600nm of 0.5-0.6. Four hours after induction, the LB cultures were transferred to an ice-water bath, chilled for 10 min and harvested by centrifugation at 4 C (15 min, 4000g). Cell pellets from 1 L culture were rapidly resuspended in 15 mL ice-cold disruption buffer (containing 20 mM imidazole, 300 mM NaCl, 50 mM Na x H y PO 4 , pH 8.0 at 4 C) and stored at −20 C. Thawed suspensions were supplemented with DNaseI and lysozyme (1 mg/mL) and stirred for 1 h on ice before sonication and centrifugation at 4 C (30 min, 10,000g). Supernatants were loaded on columns containing 0.5-0.7 mL equilibrated nickel-nitrilotriacetic acid agarose (Qiagen) per 0.5 L of culture. The columns were subsequently washed with 15 column volumes of ice-cold disruption buffer before C-terminally LEH 6 -tagged wild-type and mutant PfPrx6 was eluted in 1.5 column volumes of ice-cold elution buffer (containing 200 mM imidazole, 300 mM NaCl, 50 mM Na x H y PO 4 , pH 8.0 at 4 C). The heterologous expression and affinity Statistical analyses of the rate constants from three or four biological replicates were performed in SigmaPlot 13.0 using the one-way ANOVA method (*P < 0.05; ***P < 0.001). Table I . Rate constants from Figure 5 tBuOOH 
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chromatography were monitored by reducing SDS-PAGE and the protein concentration in the eluates was determined according to Bradford with bovine serum albumin as a standard. 50 
Steady-state measurements
Steady-state kinetic assays were performed using a thermostatted JASCO V-650 UV-visual spectrophotometer at 25 C as previously described for PfAOP 38 with slight modifications. The oxidation of NADPH was measured at 340 nm (ε = 6.22 mM −1 cm −1 ) in assay buffer containing 0.1 M Tris-HCl, 1 mM EDTA, pH 8.0. Stock solutions of 6 mM NADPH, 40 mM GSH, and 3 mM tBuOOH in assay buffer were freshly prepared before each series of measurements. Stock solutions of 100 μM recombinant wild-type PfGrx and 5 μM commercial yeast GR (Sigma-Aldrich) were prepared with elution buffer. Unless otherwise indicated, final assay concentrations were 150 μM NADPH, 0.1-2.0 mM GSH, 1 U/mL GR, 5 μM PfGrx, 75-300 μM tBuOOH, and 10 or 15 μM PfPrx6. After the addition of GR to NADPH and GSH, the cuvette was incubated for 30 s and PfGrx was subsequently added. A baseline was recorded for 60 s before the assay was started by the simultaneous but independent addition of tBuOOH and wild-type or mutant PfPrx6. The change of absorbance (ΔAbs/min) from the initial slope (5 s after the addition of PfPrx6 and tBuOOH) was corrected by subtracting the slope of the baseline using the JASCO Spectra Manager version 2. Assays with PfAOP served as a positive control and confirmed the functionality of the assay. 38 Negative controls contained all assay components except for PfPrx6 and were performed for each single measurement. Kinetic data were plotted according to Michaelis-Menten, Lineweaver-Burk, and Hanes theory and analyzed by non-linear or linear regression in SigmaPlot 13.0 (Systat).
Stopped-flow measurements
Freshly affinity-purified PfPrx6 was incubated with 5 mM 1,4-dithiothreitol (DTT) for 1 h on ice to ensure complete reduction of the protein. DTT and imidazole were subsequently removed on a GE Healthcare PD-10 column that was equilibrated with buffer containing 100 mM Na x H y PO 4 , 0.1 mM diethylenetriaminepentaacetic acid (DTPA), pH 7.4. Protein concentrations of the eluates were determined spectrophotometrically using the molar extinction coefficients ε 280 nm = 30.94 mM The change in the intrinsic tryptophan fluorescence (λ exc = 295 nm, total emission) was detected for up to 250 s after mixing. Two phases were observed for tBuOOH and H 2 O 2 at all concentrations tested. The Applied Photophysics Pro-Data SX software was used for fitting the averaged fluorescence from 3 to 10 measurements for each of the three or four biological replicates. Best results were obtained for exponential fits of the fluorescence. Rate constants k obs for both phases were subsequently plotted against the substrate concentration in SigmaPlot 13.0. Slopes from linear fits of these blots yielded the second-order rate constants k 1 and k 2 for the first and second phase, respectively. The first-order rate constant k 3 for the second phase was determined from the y-axis intercept.
